This work outlines the etiological factors for exercise-related foot blisters and the pertinent prevention strategies related to these causes. Blisters result from shear forces within the epidermis causing cell necrosis. The extent of skin shear is influenced by friction at the skin and other interfaces, various skin characteristics, bony movement, and the shear modulus of the foot ware. The number of shear cycles is another factor in the development of blisters. Key preventative strategies include limiting the number of shear cycles, avoiding moisture and particulate accumulation next to the skin, frequent use of skin lubricants, elimination of pressure points through proper fitting and broken in shoes and callous removal, use of low shear modulus insoles, and induction of skin adaptations through proper training. Other methods requiring further research, but with theoretical support, include the use of taping and low friction patches over high-friction areas, and double-layered or toe socks.
Introduction
Foot blisters are among the most common medical issues encountered by people participating in weight-bearing activities (2, 4, 9, 14, 41, 42) . Symptoms from blisters often detract from the enjoyment of the activity, can compel an alteration in the planned activity, may impair concentration and ability to respond to emergencies, and may even be a risk for other musculoskeletal injuries due to gait alterations from pain associated with blisters (7, 50) . Because blisters provide a portal for infection, they can occasionally result in serious medical complications (3, 21) .
The incidence of foot blisters varies widely depending on the study population and environment. Incidents have been reported as high as 33% among U.S. military personnel during deployment to Iraq (6), 57% during 6 wk of basic military training (50) , and 64% to 100% in 5-to 7-d multiple stage ultramarathons of 182 and 250 km (31, 32, 43) and long-distance hikes (2, 4, 9) . It also has been reported that blisters or ''hot spots'' on the feet are a primary issue impacting performance in 161-km trail ultramarathons, with finishers reporting this as the main issue affecting performance (22) .
A number of written resources (5, 30, 51) and online videos provide valuable information on the treatment of foot blisters. The intent of the present article is not to reproduce such treatment information. Rather, the present work focuses on outlining the underlying causes of blisters so that practical preventative strategies will become evident. Given that foot blisters are so commonly experienced and that there are many potential preventative strategies, recognition and use of these approaches is preferred over reliance on treatment once a blister has developed. Unfortunately, limited scientific work has focused on blister prevention, so much of what will be discussed is based on theoretical concepts.
Underlying Causes of Foot Blisters
Blisters form as the result of repetitive tangential forces applied to the skin causing shear forces within the skin (Fig. 1 ). These shear forces cause cellular distortion and eventual cell necrosis and disruption within the stratum spinosum (prickle) layer of the epidermis (11, 23, 37) . This cell necrosis is then followed by a serum-like fluid (1, 11, 12) gradually filling this intraepidermal split due to hydrostatic pressure and possibly contributed to by sweat glands (48) , leaving the three most superficial layers (stratum corneum, stratum lucidum, and stratum granulosum) to compose the blister roof (Fig. 2) .
The extent of skin shear resulting in blister formation is influenced by a number of factors, including friction at the skin and other interfaces, various skin characteristics, bony movement, and the shear modulus of the foot ware. Determinants related to each of these factors affecting the magnitude of skin shear are outlined in the Table and discussed below.
In addition to the magnitude of skin shear, the number of shear cycles is another obvious factor in the development of blisters. There is an inverse relationship between these two variables such that as the shear force increases, fewer cycles are required for blister formation (10, 37) . There also is a minimal level of skin shear required for blister formation (37) , so below this level of shear, no blister will form regardless of the number of shear cycles.
Friction as a Determinant of Skin Shear
Friction is the most apparent factor affecting blister formation because it directly determines the shear forces within the skin ( Fig. 1 ). Friction is the tangential force resisting relative motion of two surfaces against one another. The greatest tangential force for a given normal (perpendicularly directed) force occurs when movement begins between the two surfaces. This force is defined by the product of the coefficient of static friction with the normal force on the surface. Therefore, maximum skin shear can be reduced by lowering the coefficient of friction of the skin surface, or by reducing the normal force acting on the skin. At submaximal levels of skin shear, the tangential force acting on the skin surface also can be reduced indirectly by lowering the friction at other frictional interfaces. Thus, all of these frictional components are important considerations in blisterpreventative strategies.
The coefficient of friction at the interface between skin and a material is affected by skin moisture, the presence of particulate matter, and the extent of skin lubrication. With regard to skin moisture, the friction coefficient is lowest when skin is very dry or very wet compared with being moist (1,15,20,35Y37,49) . The lower friction from excess water has been thought to be due to the effects of hydrodynamic or fluid lubrication, whereas the lower friction with dry skin may be due to exfoliation of keratinocytes and cellular debris from the outmost stratum corneum acting as a dry lubricant (36) . In a practical sense, one would normally strive to reduce the skin coefficient of friction by maintaining dry skin because prolonged exposure to moisture has long been known to result in softening and breakdown of the skin referred to as maceration (8) .
Skin lubricants are known to reduce the skin coefficient of friction upon initial application (16, 35) . However, the friction coefficient increases above baseline in approximately an hour as a result of increased skin moisturization induced by the occlusive properties of the lubricant (35) . Thus, it is important to recognize that even high-quality lubricants have a relatively short period of effectiveness, so frequent reapplication is important.
In terms of the normal force component of friction, key considerations relate to load carriage, and pressure points that might result from callouses, improperly trimmed toenails, structural prominences, shoe fit, and adequacy of shoe break in. Soft insoles and properly fitting orthoics are a preventative consideration because they can effectively distribute loading forces over a larger surface area, and in essence reduce localized force.
In addition to the skin coefficient of friction and the normal force acting on the skin, consideration also should include the effect that other frictional interfaces might have on the magnitude of the tangential force causing skin shear. Not only are the skin-sock and skin-skin interfaces of importance, but the sock-shoe, sock-sock, and shoe-ground interfaces can be considered. By reducing friction at these other interfaces, the tangential force acting on the skin can be reduced so that skin shear also is reduced.
Skin Characteristics
Skin characteristics of relevance to blister formation include the amount of callousing, skin temperature, tissue hydration level, extent of skin adaptation, and state of epidermal health. As already suggested, callouses can create pressure points that will increase the friction force at that location, and therefore increase skin shear. Elevated skin temperature has been shown to accelerate the effect of suction blister formation (25, 38) , and it also is thought that inadequately hydrated skin is at greater risk for blister formation. Yet, the scientific support for practical effects of skin temperature and hydration on foot blister formation is not clear.
From an experiential level, skin adaptations appear important with regard to blister risk, and indeed, important skin adaptations occur from repetitive shear. Within the dermis, it appears that repetitive skin shear forces result in collagen fibril enlargement through the production of new collagen fibrils of increased diameters with the simultaneous breakdown of existing small diameter fibrils (52). Within the epidermis, cells at the basement membrane increase in size, density, and speed of transport across the epidermis, increasing the thickness of the stratum corneum layer (33, 34) . As a result of these epidermal adaptations, there is greater volume through which to distribute shear, and it also may be that younger cells are more tolerant of shear. Health of the epidermis may be another factor in blister susceptibility. In this regard, impaired cutaneous blood flow from nicotine has been suggested to compromise the tolerance of skin shear forces (29) , and there is some evidence that tobacco use may be associated with an increased risk for blister formation (29, 41) .
Bony Movement
Bony movement relative to the outer skin surface contributes to shear within the skin, so factors that allow greater bony movement can increase skin shear. Considerations in this regard include the characteristics of the activity and biomechanics of the movement. With regard to the former, ground angulation and the magnitude of horizontal propulsive forces should be considered. With regard to the latter, such issues as gait pattern, flexibility, and proper orthotic and shoe fit are considerations. An example of how inflexibility could theoretically cause greater bony movement would be the additional deflection in longitudinal arch of the foot resulting from calf tightness. This effect also would increase the local pressure under the arch, thus also increasing skin friction on the plantar aspect of the midfoot.
Shear Modulus of Foot Ware
When shear forces can be absorbed at locations besides the skin, then the shear within the skin is reduced (39) as demonstrated schematically in Figure 3 . Thus, insoles and shoe midsoles with a low shear modulus will reduce skin shear.
Key Blister Prevention Strategies
Based on this theoretical foundation for the etiologies of blisters, key blister prevention strategies related to the various determinants of and responses to skin shear become apparent. At a basic level, blister prevention is dependent on reduction in the magnitude and/or the number of cycles of skin shear, and the maintenance of epidermal health and development of skin adaptations so that shear can be better tolerated. Methods of reducing the magnitude of shear and the adverse response to shear are listed in the Table. Support for these preventative strategies is highlighted below.
Strategies Related to Friction
Key preventive strategies related to friction include efforts to maintain dry skin and avoid the presence of particulate matter, frequent skin lubrication with high quality lubricant, assurance of proper shoe fit and break in, use of soft insoles and properly fitting orthotics, callous removal, proper toenail trimming, reduction of load carriage, use of low friction or double sock layers, and use of low friction coefficient tape or patches applied to the skin or shoe at high pressure areas.
Scientific support exists for some of these preventative strategies. For instance, moisture wicking socks have been found to reduce blister formation (18, 27, 50) , though the effectiveness may only be evident if the sock is densely padded (19) .
There also is some scientific support for the role of antiperspirants (13, 28) and powders (17) in reducing blister formation. Five days of daily antiperspirant treatment was shown to reduce sweat accumulation during walking in the heat (13) . Use of an antiperspirant for at least 3 d before 
Orthotics
Adequate flexibility to limit abnormal motion prolonged cross-country hiking also has been shown to reduce blister formation (28) . So, this may be a preventative strategy to consider, though it should be noted that antiperspirants frequently cause skin irritation (13, 28) . Although the skin irritation can be reduced by adding an emollient to the antiperspirant, doing so seems to negatively impact the benefit of the antiperspirant (40) . Relative to load carriage, a small study of soldiers during a 20-km road march supports the contention that lighter pack load can decrease foot blister incidence (26) . Use of broken in foot ware also has been demonstrated to be associated with a lower incidence of blisters among military personnel (6) and hikers (14) , likely because of the effect break in has on reducing pressure points.
Prophylactic taping or patching is commonly recommended for blister prevention (5, 30, 51) . One way in which taping or patching could be effective at preventing blisters is by producing a lower friction at its surface than the skin. Such could be achieved by a low friction coefficient tape or patch. Alternatively, skin friction could be reduced through a patch design that allows absorption of shear within the patch (e.g., Spenco 2nd Skin; Spenco Medical Corporation, Waco, TX). A product making use of this characteristic (Blist-O-Ban; SAM Medical Products, Wilsonville, OR) has shown some evidence for reducing blister incidence (44) . Prophylactic taping or patching also may cause a reduction in focal skin shear by distributing shear across a broader area of skin. Interestingly, a study of paper tape found it to not be effective at preventing blisters, and that it may even increase blister formation when used between toes in combination with toe socks (31) , but another study (32) found paper tape to be effective at reducing blisters in a multiple stage ultramarathon. Because it appears that most blisters occur at the toes, heels, and forefoot (9, 31, 32) , depending on the activity, it would be these sites where prophylactic taping or patching would likely be most effective.
Blister prevention considerations related to frictional interfaces besides the skin (sock-shoe and sock-sock interfaces) have not received adequate scientific investigation. Theoretically, by reducing friction at these other interfaces, the friction acting on the skin can be reduced. Thus, lowfriction socks, double layers of socks (27) , toe socks, and polytetrafluoroethylene patches (ShearBan or ENGO Blister Prevention Patches, Tamarack Habilitation Technologies, Inc., Blaine, MN) applied to the shoe at high pressure areas are considerations.
Strategies Related to Skin Characteristics
Theoretical preventive strategies related to the determinants of skin characteristics include callous removal to reduce areas of localized pressure, use of proper foot ware and socks to reduce excessive heat and sweat accumulation at the skin, maintenance of proper body hydration, adequate training to induce proper skin adaptations, and maintenance of epidermal health. The role of skin adaptation is demonstrated in a study of military personnel in which there was lower blister severity development from a hike among those who usually ran more than 48 kmIwk j1 compared with those who ran less than 16 kmIwk j1 (24) . The importance of epidermal health through avoidance of tobacco has been supported by studies showing lower blister risk among soldiers who did not smoke cigarettes (41) or did not use smokeless tobacco (29) .
Strategies Related to Bony Movement
Theoretical preventive strategies relative to the determinants of bony movement include avoidance of steep or canted angles, avoidance of high loading rates and forces, proper training to prevent deterioration of movement pattern with fatigue, maintenance of proper flexibility, and use of shoes that are appropriately snug to avoid excessive movement within the shoe.
Strategies Related to The Shear Modulus of Foot Ware
Closed-celled neoprene insoles have been found to be effective at reducing foot blisters (45Y47). This effect is likely from shear forces being absorbed within the insole rather than the skin (Fig. 3 ). There also is some evidence that thick socks may reduce blister incidence through a similar mechanism (27) . Theoretically, a soft shoe midsole also might allow for this effect to some extent.
Conclusion
This work outlines the key underlying causes of exerciserelated foot blisters and the pertinent prevention strategies related to these causes. Besides limiting the number of shear cycles, the main blister prevention strategies include avoiding moisture and particulate accumulation next to the skin through the use of moisture wicking socks, fast draining shoes, sock changes and gaiters; frequent use of skin lubricants; elimination of pressure points through proper fitting and broken in shoes, callous removal, appropriate toenail trimming, and proper fitting orthotics; and use of low shear modulus insoles. Maintenance of epidermal health by avoiding tobacco use and inducing skin adaptations through proper training are other key prevention strategies. Other methods requiring further research, but with theoretical support worth considering, include the use of taping and low-friction patches over high-friction areas, and double-layered or toe socks.
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